A study was made of the initial responses of perfusate Ca2+ fluxes and bile flow to Ca2+-mobilizing agonists, following refinements to the methods for analysing these parameters in the perfused rat liver. 
INTRODUCTION
An increase in the cytoplasmic free Ca2" concentration is recognized as being a key triggering event in secretory systems (for a recent review, see Burgoyne and Morgan, 1993) . Depending on the cell type, this increase in intracellular Ca2+ can be induced by a range of stimuli. Some reports provide evidence of a role for Ca2+ in modulation ofbile flow, but knowledge ofthe mechanisms involved is scant. This evidence is based largely on the observations, for example, that bile flow is attenuated when a Ca2+-free perfusate medium is employed (Graf, 1975; Reichen et al., 1985; Stammler et al., 1990) or where an excess of EGTA has been added (Owen, 1977) . It is known also that certain bile salts are able to mobilize Ca2+ both in hepatocytes (Anwer et al., 1988; Combettes et al., 1990 Combettes et al., , 1992 Thibault and Ballet, 1993) and in the perfused rat liver (Anwer et al., 1989; Hamada et al., 1992b) . Moreover a number of reports implicate a role of Ca2+ mobilization in tight-junction permeability (Kan and Coleman, 1988; Saez et al., 1989; Llopis et al., 1991) as well as canalicular contractile activity (Reichen and Simon, 1988; Watanabe et al., 1988) .
A further line of work points to a possible role for Ca2+ in bile flow. This is the finding that hormones known to mobilize Ca2+ are also able to modulate rapidly such flow [Graf (1975) ; Hill et al. (1985) ; Tsukada and Phillips (1988) ; Hardison et al. (1991); Nathanson et al. (1992) ; Hamada et al. (1992a,b) ; reviewed by Nathanson and Boyer (1991) and Bygrave et al. (1994) ]. The mechanism(s) by which bile flow is modulated by such hormonal action remains unclear, although a number of possibilities have been suggested (see, e.g., Nathanson and Boyer, 1991; Bygrave et al., 1994). commences at 17-18 s and is greater in magnitude; little bile flow is induced by this agonist. Glucagon modifies the action of phenylephrine in the following ways: the onset of Ca2+ efflux is brought forward by 2-3 s, it is of lower magnitude and Ca21 influx begins by 45 s; bile flow commences by 15-20 s, and reaches a maximum at 30 s, where the rate is much greater than in the absence of glucagon; this rate gradually declines to be near basal by 80 s. The onset of agonist-induced oxygen uptake was also brought forward by the co-administration of glucagon.
Comparison of agonist-induced plasma-membrane Ca2+ fluxes and bile flow (with or without glucagon administration) suggests that correlations can be made between net Ca2+ fluxes and the transient increases seen in bile flow.
The ability to measure small changes in perfusate Ca2+ in the perfused rat liver (Altin and Bygrave, 1985; Reinhart et al., 1982) concomitant with bile flow (Hamada et al., 1992a,b) has led us to investigate in further detail the role of Ca2+ mobilization in bile flow. We have taken advantage of knowledge that 'cross-talk' between glucagon and vasopressin is able to modulate bile flow rapidly in the perfused rat liver (reviewed by Bygrave et al., 1994) , consonant with its ability to modulate Ca2+ fluxes in the liver (reviewed by Bygrave and Benedetti, 1993) . The sensitivity of our technique has been refined so as to enable an assessment to be made of the extent to which very rapid changes in rates of both bile flow and patterns of Ca2+ mobilization occur simultaneously in the perfused rat liver. The data obtained provide further insights into the relationship between plasma-membrane Ca2+ fluxes and the modulation of bile flow in the intact organ.
EXPERIMENTAL

Animals and perfusions
Male Wistar-strain albino rats, initially weighing 250-350 g and having free access to food, were used in all experiments. Rats were anaesthetized with sodium pentobarbitone (50 mg/kg body wt.). Livers were perfused with Krebs-Henseleit (1932) The perfusate Ca2+ concentration was monitored continuously with a Radiometer F2112 Ca2+-selective electrode in a flowthrough chamber placed on the outflow side of the liver; this is described in detail elsewhere (Reinhart et al., 1982; Altin and Bygrave, 1985 Other measurements Oxygen uptake was measured as described previously (Hamada et al., 1992a) . Bile flow was measured by weighing the bile fluid collected in Eppendorf tubes for each 5 s; it was assumed that 1 ,1 is equivalent to 1 mg wet wt. The perfusion pressure in the inflow cannula was routinely monitored to assess possible interference of bile flow from vasoconstrictive effects of the agents used.
Lag and transit times
Calculations carried out to determine the relative lag time in each of the perfusate and bile-flow cannulae showed that, although the sum total of canalicular and ductular influences on bile flow were immediately translated to the bile-flow cannula, the Ca2+ and oxygen events on average lagged by 10 and 15 s respectively. These lag times were subtracted from the data before their presentation in the Results section. Transit times for movement of agents across the liver itself were estimated to be in the range of 4-5 s, based on liver weights, flow rate of the perfusate and a sinusoidal space of 0.15-0.2 ml/g liver (Varin and Huet, 1985 Figure l(b) shows the concomitant changes in bile flow that occur every 5 s after vasopressin administration to the perfused rat liver. In previous work we had sampled bile flow at 60 s intervals (Hamada et al., 1992a,b) . It is seen first that the onset is not significant until 25-30 s has elapsed. Second, bile flow is maximal over a relatively broad peak between 35 and 50 s; this declines at first rapidly and then more slowly thereafter, following information: (i) the time (A to B) during which net Ca2l efflux is taking place coincides with the onset and maximal attainment, respectively, of bile flow; (ii) the time (B to C) during which the net Ca2' efflux rate is maximal and declining coincides with maximal rate of output of bile and its decline to basal rates; and (iii) the time (C to E) during which Ca2+ influx is under way coincides with a further decline in rates of bile flow. Thus it would appear from these data that net Ca2+ efflux from the liver induced by vasopressin alone coincides with an increased outflow of bile and net influx coincides with a decrease in the bile-flow rate.
Effects of glucagon on vasopressin-induced plasma-membrane Ca2+ fluxes and bile flow
In the second set of experiments we examined, in similar detail, how the prior administration of glucagon for 4 min affected the early responses to Ca2+ mobilization and bile flow induced by vasopressin. Figure 2( Effects of phenylephrine administration on plasma-membrane Ca2+ fluxes and bile flow Administration of phenylephrine to the perfused rat liver is known to induce a pattern of Ca2'-flux changes different from those induced by vasopressin (see, e.g., Altin and Bygrave, 1985) . Further information on this point is revealed in Figure 3 Rgure 4 Rapid responses of perfusate Ca2+ and bile flow to the synergistic action of glucagon and phenylephrine in the perfused rat liver
The experimental system was the same as that described in Figure 1 , except that, after the 30 min pre-perfusion period, glucagon (10 nM) was infused into the liver for 4 min before, and then concomitant with, the administration of phenylephrine (2 ,uM), which was commenced at zero time in the Figure. The Ca2+-trace data (a; average of three independent traces) have been pirTusauu ra iiver inuucuu uy pn.uunyiupnrineu aIn uy vw
The experimental procedure was as described in Figure 1 legend, e) oxygen uptake were measured under the hormone regimes ind means+S.E.M. for n independent experiments. For comparison, dal efflux and bile flow are included: these are from Figures 1-4 Figure  3 (b) . This commences soon after approx. 15 s. However the degree of stimulation is relatively small, and during the next 60 s bile flow gradually diminishes to basal values. We examined the possibility that the changes in bile flow induced by agonists, and phenylephrine in particular, were attributable to their vasoconstrictive effects (see, e.g., Lenzen et al., 1990) . Two things indicate this was not the case. First, pre-perfusion with 100 1sM nitroprusside had little effect on basal bile flow (results not shown). Second, our data above indicate that, whereas vasopressin is more potent than phenylephrine in inducing bile flow, portal perfusion pressure was always considerably greater with phenylephrine than with vasopressin (latter results not shown).
A comparison of the data in Figures 3(a) and (b) Table   2 ) strongly indicates an inverse correlation between the extent to which Ca21 is extruded from the liver and the extent of bile flow; the greater the amount of Ca2+ extruded, the less is bile flow stimulated. The collective data also show a positive correlation between bile flow and the maximum rate of Ca2+ influx.
Effects of the above hormones on oxygen uptake sUpressiln Ca2+-mobilizing agonists are long known to induce oxygen xcept that initial rates of uptake in the perfused rat liver. This event reflects Ca2+ movement licated below. Data are into the mitochondria after its rapid elevation in the cytosol fta for the onset of Ca2+ (reviewed by Denton and McCormack, 1985 ) and closely follows s paper.
plasma-membrane Ca2+ efflux (e.g. Reinhart et al., 1982) . It was therefore decided to determine if glucagon pre-administration would modulate the onset in agonist-induced oxygen uptake in a Ca2+
Bile manner similar to its effect on Ca2+ fluxes and bile flow as eCalux flow described above. Data in Table 1 show that this was the case with respect to both phenylephrine and vasopressin. In each situation, 
DISCUSSION
The experiments reported here provide fresh insights into a number of features concerning hormone-induced Ca2l mobilization and bile flow in rat liver. In particular, the technical improvements incorporated in this work enabled information to be gained that is clearly unattainable with 60 s (e.g. Hamada et Further Insights Into hormone-induced Ca2+ mobilization In the intact rat liver The rapidity of agonist-induced Ca2+ mobilization observed here in the intact liver may be compared with vasopressin-induced increases in cytosolic Ca21 measured in hepatocytes with Ca2+-sensitive intracellular indicators; these commence at approx. 3 s and reach maximal values by approx. 10 s (see, e.g., Charest et al., 1983; Combettes et al., 1986) . The onset of Ca2+ efflux in hepatocytes measured with aequorin and 30,M extracellular Ca2+ occurs also within several seconds of vasopressin administration (Duddy et al., 1989) . Direct measurement of changes in intracellular Ca2+ in the perfused rat liver is not easy (see Ruttner et al., 1993) , but the changes in oxygen uptake induced by vasopressin, reflecting Ca2+ uptake into the mitochondria and activation therein of Ca2+-sensitive citrate-cycle enzymes (Denton and McCormack, 1985) , which are reflected in effects of the ion on oxidative phosphorylation (McCormack and Denton, 1993) , indicate changes in this cell location by approx. 20 s ( Table 1) . The second fact revealed on this point is that glucagon has several actions on vasopressin-and phenylephrine-induced Ca2+ mobilization in the perfused rat liver; it decreases the latency of onset of net Ca2+ efflux (cf. Figures la and 2a and Figures 3a and  4a) ; it attenuates the rate, magnitude and duration of net Ca2+ influx, and thereby brings forward (by some 30 s) the time at which net influx commences. Glucagon was found to decrease also the latency of onset of oxygen consumption induced by each of the two Ca2+-mobilizing agonists (Table 1) .
Insights into hormone-modulated bile flow Others (Hill et al., 1985; Krell et al., 1985; Tsukada and Phillips, 1988; Hardison et al., 1991 ; Nathanson et al., 1992) and ourselves (Hamada et al., 1992a,b) had recognized previously that vasopressin or al-adrenergic agonists alone could induce rapid responses in bile flow (the first time point usually was not less than 60 s after agonist administration). The 5 s sampling intervals (Figure lb) reveal an onset of vasopressin-induced flow by approx. 25 s. Of added interest is the finding that prior administration of glucagon (Figure 2b ) decreases the time of onset of vasopressin-induced bile flow to between 10 and 15 s, and enhances the rate and magnitude of bile flow. Thus, even though a greater volume of bile has been extruded, the rate of outflow has returned to near basal values by the same time as with vasopressin alone (i.e. approx. 80 s). Glucagon was seen also to enhance significantly the ability of phenylephrine to induce bile flow (cf. Figures 3b and 4b ).
Possible mechanisms of the hormone-induced effects on bile flow and the role of Ca2+ mobilization in this Nathanson and Boyer (1991) have alluded to possible mechanisms through which agents such as glucagon and vasopressin might induce bile flow when each is administered independently to the liver. These included, for glucagon, increases in cytoplasmic cyclic AMP and, through this, stimulation of bile-acid-independent bile flow and the transcytotic vesicular pathway, and for Ca2+-mobilizing agonists, activation of protein kinase C, which would inhibit bile-acid-independent bile flow and vesicular Figures lb-4b) ; efflux integral, nmol of Ca2+ released/g of liver (data obtained by integrating the area above the baseline in Figures la-4a) Figure 3a) .
transcytosis, but increase the permeability of the tight junction. Increases in cytosolic Ca2l are seen to increase the contraction of pericanalicular microfilaments and the permeability of tight junctions (Nathanson and Boyer, 1991) , which could be due to stimulation of myosin light-chain kinase . It is worth noting that cyclic AMP, by contrast with the actions of vasopressin, decreases permeability in tight junctions, and that this action reaches a peak some 12-15 min after its administration to the perfused rat liver (Lowe et al., 1988) . Moreover, apart from the study by Yamaguchi et al. (1991) , the analyses of possible events related to bile flow in each of the studies so far undertaken appear to be well outside the timeframe used in this work.
It has been shown that osmotically induced changes in hepatocyte volume in the perfused rat liver can result in a transient response in bile flow similar to that observed in this and previous work (see, e.g., Bruck et al., 1992; Hallbrucker et al., 1992) . The extent to which this phenomenon relates to the present observations, however, are unclear at this time. For example, the effects of glucagon (or cyclic AMP) in inducing hepatocyte volume changes were additive with phenylephrine, but possibly synergistic with vasopressin (vom Dahl et al., 1991) . In addition to this, phenylephrine alone induced an increase in hepatocyte volume, whereas vasopressin alone induced a decrease.
Our data are not inconsistent with many of the proposals of Nathanson and Boyer (1991) and Nathanson et al. (1992) . It is clear, however, from our work and the foregoing discussion, that cross-talk, after the co-administration of glucagon and Ca21-mobilizing agonists, induces a very different response in bile flow from that when they are allowed to act independently. What appears to be evident is that the role of Ca2+ in bile flow is more complex than previously appreciated. However, it is pertinent that an examination of all the information in Figures 1-4 reveals that a greater volume of bile is induced to flow under conditions where a smaller amount of Ca2+ effluxes from the liver. Moreover, and see especially Figure 2 (b), the period from onset of bile flow to its maximal rate of output corresponds to Ca21 fluxes that include both net outflow and net inflow. This and other related information from this study are summarized in Table 2 .
The very rapid changes in Ca2+ fluxes might be a crucial element in inducing bile outflow, especially if they involve transient events such as canalicular contraction (e.g. Watanabe et al., 1988) or possible vesicle fusion events at the canalicular membrane (Coleman, 1987) . Further information on these interrelating events should be revealed from experiments wherein organellar and plasma-membrane Ca2" fluxes are independently attenuated by appropriate Ca2+-flux inhibitors. Such work is in progress.
Finally, the rapidity of these events is reminiscent of those occurring in other secretory tissues (see, e.g., Holz and Habener, 1992) . Of added interest is the notion that, as signalling crosstalk is important in, for example, insulin secretion (see, e.g., Biden and Browne, 1993) , so it appears to be in liver in the early modulation of bile flow (Bygrave et al., 1994) .
